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The optical absorption spectrum of hydrogenated amorphous silicon—germanium (a-Si, _,Ge, :H)
films can be tuned by the Ge content. As a result, there is considerable interest in applications of this
photovoltaic alloy in solar cells. However, some aspects of the relationship between microstructure
and optoelectronic properties are not yet fully understood. We report here a study of the local Ge
environment in a-Si; _,Ge, :H films having demonstrated high photovoltaic efficiency. We present
Ge K-edge extended x-ray absorption fine structure (EXAFS) measurements for samples with Ge
content ranging from x=0.10 to 0.45. A structural analysis of the EXAFS reveals compositional
randomness in the local Ge environment for x<<0.4, indicating short-range random miscibility of Ge
and Si in the alloying process. This is consistent with measurements of earlier generations of Si-rich
a-Si; _,Ge,:H films, and suggests that one must look beyond the first coordination shell to
understand the relationship between microstructure and optoelectronic properties. We also find no
compositional dependence in the Ge environment nearest-neighbor bond lengths, indicating that
there is little topological rigidity in the amorphous phase. Together, these results exclude any
substantial Ge nanocrystallization or segregation into regions of concentrated Ge hydrides, but do
not prohibit more complicated compositional inhomogeneity caused by partial phase separation on

longer length scales. © 2002 American Institute of Physics. [DOI: 10.1063/1.1486037]

I. INTRODUCTION

Amorphous silicon (a-Si) and silicon—germanium alloys
(a-Si;_,Ge,) are important semiconductors in microelec-
tronic and photovoltaic device applications, including solar
cells, photodetectors, thin film transistors (TFTs), and
flat panel displays.! In particular, there is considerable
interest in hydrogenated amorphous silicon—germanium
(a-Si; _,Ge, :H) thin films owing to applications in high ef-
ficiency tandem and triple photovoltaic cells.?® The alloying
of Ge with a-Si:H lowers the optical band gap, thus improv-
ing the photoresponse in the longer wavelength region of the
solar spectrum.

Unfortunately, the improved long wavelength response
in a-Si; _,Ge, :H films with increasing x often comes at the
cost of a significant deterioration in the optoelectronic prop-
erties. Characteristics of this degradation include an increase
in the density of deep defects, a decrease in carrier mobili-
ties, and a decrease in the photocurrent response.* These
properties have been attributed to increased occurrence of
Ge-dangling bonds,® increased size and density of
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microvoids,® and increased film heterogeneity.”~*° Conse-
quently, a recurring theme during the evolution of deposition
techniques in a-Si; _,Ge, film growth has been the relation-
ship between preparation, microstructure, and physical
properties.’

The problem of compositional inhomogeneity in radio
frequency (rf) glow discharge growth of a-Si,_,Ge,:H has
received special attention.%'27* Many difficulties which
arise in rf glow discharge preparation of a-Si;_,Ge,:H
films, such as nonuniform Ge incorporation, are due to the
very different decomposition rates of silane (SiH,) and ger-
mane (GeH,) during film growth. This has been mitigated in
two ways: through the use of strong H, dilution to modify
the surface decomposition rates of both reactants,'®'’ and
through the use of disilane (Si,Hg) instead of SiH,.'®° The
latter technique is useful because Si,Hg and GeH, have simi-
lar decomposition rates.'® Device-quality films grown using
both H, dilution and also Si,Hg substitution for the more
common SiH, have been included by Yang and coworkers®
as elements in multijunction, multibandgap solar cells with
the highest initial (14.6%) and stable (13.0%) conversion
efficiencies to date for a-Si alloy solar cells.

We report here an extended x-ray absorption fine struc-
ture (EXAFS) study of rf glow discharge grown
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a-Si, _,Ge, :H films with demonstrated device-quality opto-
electronic properties. It is important to note that the
a-Si; _,Ge, :H films grown over the past 5 years, such as the
samples studied here, are believed to possess a much smaller
degree of network disorder than samples prepared a decade
ago. In particular, the Urbach energies exhibited by these
newer alloy materials have been found to be as low as for
pure a-Si:H (below 50 meV), essentially independent of Ge
fraction.>** Electronically active deep defect densities are
also found to be at least one order of magnitude lower for
such materials.** An understanding of the new limitations on
optoelectronic properties of these improved alloy films re-
quires one to focus on subtle structural issues, such as those
studied here.

X-ray absorption fine structure (XAFS), which refers to
oscillatory structure in the x-ray absorption coefficient above
an x-ray absorption edge, has long been used to study
element-specific local atomic structure in crystalline and
amorphous systems.?> XAFS is conventionally divided into
the x-ray absorption near-edge structure (XANES) and EX-
AFS regions, the latter having a typical range of 30 to 1000
eV above the absorption edge. The local structure in
Si; _Ge, films has been investigated by several groups using
the EXAFS technique.!?21-28 EXAFS measurements
above the Ge K-edge are able to address two key aspects of
the local Ge environment in a-Si,_,Ge,:H films; namely,
the alloy compositional dependence of both the near-
neighbor coordination number Ng._g. and the Ge constituent
near-neighbor bond lengths Rge_ge and Rge_si. Modern data
analysis methods?>* provide now-standard tools for fitting
EXAFS data to theoretical standards,®*? leading to reliable
modeling of the local structure.

Below, we first describe the experimental details and
then specify all relevant features of our data analysis. We
then present EXAFS results for a-Si; _,Ge, :H with x vary-
ing from 0.10 to 0.45. We find that the Ge—Ge first-shell
coordination number in the Si-rich films (x<<0.4) is fully
consistent with a completely random local environment. We
also find no Ge concentration dependence in the Ge-Ge or
Ge-Si bond lengths. Before concluding, we discuss two as-
pects of these results. First, we compare and contrast our
results with those from previous EXAFS studies of films
with various preparations. Second, we address the extent to
which our results exclude subtle concentration segregation
on larger length scales.

Il. EXPERIMENT

Sample preparation is described in detail elsewhere.®
Briefly, the a-Si; _,Ge, :H films were deposited onto single
crystal Si substrates at T~300°C by rf glow discharge de-
composition of H,, GeH,, and Si,Hgs. We report EXAFS
measurements of five samples, with Ge content x=0.452,
0.325, 0.202, 0.13, and 0.10. Energy dispersive spectroscopy
(EDS) measurements were carried out in order to measure
the Ge content in the three highest concentration films, with
an absolute uncertainty in the atomic fraction of 0.002. Au-
ger depth profile measurements were made to determine the
Si content in the two lowest Ge concentration films, with an

Chapman et al.

absolute uncertainty in the atomic fraction of 0.01. The film
thicknesses are, in order of decreasing Ge content, 1.05,
1.24,1.19, 1.1, and 1.1 um. IR spectroscopy of equivalently
prepared films found about 12% hydrogen bonded in Si-H
or Ge—H bonds.** Films from the same deposition conditions
and in some cases the same substrate wafers have previously
been characterized by a wide range of measurements, includ-
ing drive level capacitance profiling, transient photocapaci-
tance, and junction transient photocurrent methods.>=® These
studies all establish low defect densities in the films and
device-quality optoelectronic properties.

All measurements were performed at the Pacific North-
west Consortium Collaborative Access Team (PNC-CAT)
bending magnet beamline (20-BM) at the Advanced Photon
Source x-ray synchrotron located at Argonne National
Laboratory.*® Energy selection was achieved using a water-
cooled double crystal Si(111) monochromator. Harmonic re-
jection was achieved either by detuning the monochromator
30% or by the use of a Rh-coated harmonic rejection mirror.
The beam height was 1.5 mm, yielding an energy resolution
of ~1.5 eV. The beam width was varied between 1.0 and 3.0
mm depending on the sample measured. The incident beam
was horizontally polarized. The incident flux, I, was moni-
tored with a N,-filled ionization chamber. The fluorescence
yield from the sample, 1=, was measured with a low-noise
ionization chamber filled with a N,/Ar gas mixture. The
sample and detector were oriented symmetrically at 45° and
90°, respectively, with respect to the incoming beam.

The small sample thickness compared to the x-ray ab-
sorption length together with the strong elastic scattering
cross-section from the single crystal Si substrates required
several measures to minimize contamination of the EXAFS
signal. These included spinning the samples at ~500 rpm to
rotationally average the diffraction background, using a Ga
filter and line-focusing Soller slits,*” using a horizontal ex-
perimental geometry with a scattering angle near 90° to de-
crease dipole scattering, and masking Bragg peaks at the
detector face with 1 mm thick Pb tape.

IIl. DATA ANALYSIS

The EXAFS is analyzed using the UWXAFs software
package.*® Background subtraction is achieved using
AuTOBK?® through the relation

_ 1(E)— polE)
A VRN

where E, is the absorption edge energy, wo(E) is the ex-
pected smooth atomic absorption past the edge in the ab-
sence of photoelectron backscattering, and A uy(Eg) is the
absorption jump at the edge. The term uq(E) is approxi-
mated by a piecewise spline, optimized to reduce the non-
structural components in the Fourier transform for radial dis-
tances less than 1.3 A. The function x(E) is interpolated into
k space, x(k), where k=+2m(E— Eo)/ﬁ2 is the momentum
of the photoelectron. The program Atoms?® provides correc-
tions to the Debye—Waller factors resulting from the edge-
step normalization of y(k) and the different energy re-
sponses of the two measured signals, I and 1.

(oY)
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TABLE I. The structural parameters found in the EXAFS global fit for each of the five a-Si; _,Ge, :H films measured as a function of Ge content x. Also
shown are the Fourier transform properties and R-space fitting parameters for each data set. The Debye—Waller factors o?(x) are found to be independent of
alloy composition. Ng._g; is the first-shell coordination number of Si atoms, with bond length Rge_s; -

2

I(min kmax Rmin Rmax o RGe—Ge RGefSi
X (A7 (A7 A A (A? Nge-ce Nge-si A) A
0.452 33 14.0 1.59 2.80 0.0039(05) 2.01(13) 1.99(13) 2.462(04) 2.389(14)
0.325 3.3 15.0 1.57 2.80 0.0041(07) 1.36(19) 2.64(19) 2.461(08) 2.392(19)
0.202 3.3 12.0 1.66 2.80 0.0041(17) 0.68(36) 3.32(36) 2.469(43) 2.393(39)
0.13 3.3 14.0 1.69 2.80 0.0034(15) 0.52(31) 3.48(31) 2.460(45) 2.406(27)
0.10 3.3 115 1.71 2.80 0.0039(15) 0.42(33) 3.58(33) 2.473(57) 2.396(28)

Structural information is extracted from the measured
EXAFS signal through the relationship for unpolarized
K-shell absorption processes,®
Fi(k)
kR?

X(k)=; SIN; exp(—2k?o?)expl — 2R\ 1(K)]

Xsin[2kR; + ¢;(k,R;)], )

where only the single-scattering photoelectron contributions
are important for single coordination shell systems. F;(k),
#;(k), and \j(k) are the photoelectron backscattering am-
plitude, phase, and mean-free-path factor, respectively, for
path j that are generated from the ab initio calculations of the
FerFF7 code.®? The backscattering atoms, either Ge or Si, dis-
tinguish the path j in the summation. The remaining terms in
Eg. (2) are the coordination number N;, the coordination
shell bond length R;, and the Debye—Waller factor 0']-2. The
latter term represents the mean-square variation in R; due to
both static and thermal disorder. Anharmonic corrections are
expected to be negligible and have been ignored.

The structural parameters in y(k) were determined using
rerrIT, % which employs a nonlinear, least-squares fit to the
theoretical standards calculated by FEFF7. We also vary a
single nonstructural parameter E, independently for each
sample concentration. A global fit was performed in order to
create a single concentration independent passive electron
core hole factor parameter S5 for the entire data set. The
uncertainties reported by FEFFIT are underestimated in the
global fit. We have therefore rescaled the parameter uncer-
tainties reported by FEFFIT to reflect the true number of de-
grees of freedom in each respective data set. The self-
absorption effect has a non-negligible effect on the measured
EXAFS amplitudes, resulting in a 5% reduction in the am-
plitude of the highest Ge concentration film measured.*® Ap-
propriate amplitude correction factors for each data set were
included in the fit. Fourier transforms to R space were done
using k? weighting and Hanning windows, over a range of
Kmin=3.3 A1 up to the end of the data, typically Kpmax
~14 A=t The data were fit in R space in the range Ry,
~1.6 A to Ry,=2.80A, with Ry, varying accordingly
with K. . These details are contained in Table 1.

Two constraints were imposed in the structural model.
First, the two contributing Debye—Waller factors (o3, g, and
o0&, ) Were set equal to each other for each alloy composi-
tion. The equivalency of the fluctuations in the Ge-Ge and
Ge-Si bond lengths has been demonstrated in SiGe alloys by
prior EXAFS investigations.'>?#2728 The physical reasoning

behind this assumption follows from the similar Keating po-
tentials computed in pure Si and Ge.*® Second, the total co-
ordination number was fixed at four. This assumption is jus-
tified by the strongly covalent bonding and resulting local
tetrahedral structure of a-Si (Ref. 41) and a-Ge,*? and it has
been shown to be valid even in films with considerable
hydrogenation.!>*1~% \We do not find any improvement in
our structural model if we decrease the total coordination
number in order to allow for dangling bonds or substitutional
binding of hydrogen atoms in the local Ge environment. Re-
laxing either of these fitting constraints confirmed their va-
lidity within the experimental uncertainties and does not af-
fect our conclusions.

IV. RESULTS

We show in Fig. 1 the raw fluorescence signal measured
as a function of incoming photon energy near the Ge K-edge
(11105 eV) for the x=0.452 sample. The effective fluores-
cent signal was typically ~10° photons/s, and EXAFS spec-
tra with high signal-to-noise ratios were obtained in a few
hours per sample. Figure 2 shows the k?-weighted EXAFS
spectra after background subtraction for each of the five
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FIG. 1. Raw data. The Ge K-edge fluorescent XAFS signal from the x
=0.452 a-Si, _,Ge, :H film.
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FIG. 2. The k®-weighted EXAFS spectra and the Fourier transforms of the
corresponding fits for the five a-Si; _,Ge, :H films, each shifted vertically
for clarity of viewing. The dots are the data, and the solid lines are the
Fourier transforms of the fits found in R space. The glitches that appear in
the high k regions of the data result from diffraction effects from the sample
substrate; these regions were excluded in the analysis. Note the differences
in the signal envelope with alloy composition resulting from the distinct Ge
and Si scattering cross-sections.

samples (dots), along with the Fourier transforms of the fits
from FEFFIT (solid lines). The spectral extent of the data was
primarily limited by Bragg scattering from the substrates and
varies from sample to sample. Note that there is essentially
only one frequency in the signal, indicating that there is only
one coordination shell around the core Ge atoms. This is due
to the large disorder in bond angles and has been observed in
prior EXAFS studies of a-Ge*** and a-Si;_,Ge,.12?22%
Also note the shift of the envelope function maximum to a
lower wave number with decreasing Ge content. The Ge-Si
single-scattering path has an EXAFS signal envelope peaked
at a lower wave number compared to the Ge-Ge single-
scattering path. Consequently, the dependence of the Ge en-
vironment coordination number with alloy composition is
qualitatively apparent.t?

Table | contains the important results of the structural
modeling. The total number of variables in the global fit is
26, allowing 19 degrees of freedom in the fitting of the 45
independent data points. The good agreement between theory
and experiment together with the physically reasonable val-
ues for Sé (0.920.05) and o?(x) gives us high confidence
in the fits. The Debye—Waller factors are found to be inde-
pendent of alloy composition within the uncertainty (see
Table 1), with a weighted mean of o?2(x)=0.0040
+0.0004 A2, Figure 3 displays the magnitude of the Fourier
transform (dots) as a function of real space separation R for
two different alloy concentrations, x=0.452 and 0.325. The
two peaks corresponding to the near-neighbor bond lengths
(Ge-Ge and Ge-Si) are not separated because of the small
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FIG. 3. The magnitude of the Fourier transformed k>-weighted data (dots)
shown for the x=0.452 (top) and x=0.325 (bottom) EXAFS. The dashed
lines are the individual single-scattering path fits to the data, and the solid
lines are the complete fits after path summation. Note that there is no struc-
ture for R>3.0 A, and therefore no evidence for significant microcrystalline
growth of Ge atoms.

difference in the bond distance. The dashed lines in the figure
are the fits for the two distinct scattering paths, and the solid
line is the total fit after path summation. The lack of any
signal at distances R>3.0 A excludes any appreciable mi-
crocrystallinity in the Ge environments.

Figure 4 shows the resulting Ge—Ge coordination hum-
bers as a function of Ge alloy fraction x. The reported uncer-
tainties in the coordination numbers are about ten times
larger than the random fluctuations in the data. This indicates
that the experiment is dominated by systematic errors, which
is typical of EXAFS modeling. Consequently, the relative
variation of the data points is much more reliable than what
is indicated by the error bars. Systematic errors, with the
exception of the self-absorption effect, are expected to be
independent of alloy composition. We therefore expect errors
in the Si-rich data points to be biased collectively. The re-
sults of the Ge environment coordination number for x
< 0.4 are quite consistent with a random local distribution of
the Ge atoms, indicated by the straight line in Fig. 4.

In Fig. 5 we show the near-neighbor bond lengths as a
function of x, along with their respective linear regression
lines. Both bond lengths are found to be independent of alloy
composition, with linear slopes of Mge_g.= —0.003=0.058
and mg_g;= —0.034+0.069 and weighted means of Rg._ce

=2.462+0.004 A and Rg,_g=2.393+0.009 A.
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FIG. 4. Ge—Ge coordination number as a function of the Ge fraction x. The
dashed line is the expected result for complete short-range compositional
randomness when the total coordination for each Ge atom is four. The rela
tive uncertainties in the coordination numbers are much smaller than the
error bars shown, indicating that the experiment is dominated by systematic
errors. The uncertainties in the concentration for the three highest Ge con-
tent samples are smaller than the symbol size.

V. DISCUSSION

We now compare and contrast our results with those
from previous studies. This will take three parts. First, we
discuss short-range compositional ordering, carefully com-
paring our results with those of previous investigations. Sec-
ond, we discuss the behavior of the species-specific bond
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FIG. 5. The Ge-Ge and Ge-S near-neighbor bond lengths in
a-Si;_,Ge, :H films as a function of x. The nonzero slopes of the linear
least-squares fits to the data, shown by the dashed lines, are not statistically
significant. Consequently, to within experimental error the bond lengths are
independent of alloy composition.
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lengths, Rge_ge @nd Rge_g, in the context of theories of the
topological rigidity of amorphous alloys. Finally, before con-
cluding, we address the possibility of more complicated
sample heterogeneity, for example, by partial phase separa-
tion on longer length scales than are probed by EXAFS.

First, the simplest heterogeneity that can exist in even an
equilibrium system is compositional clustering in the first
coordination shell. As summarized in Table Il, this topic has
been addressed in several EXAFS studies of both
a-Si;_,Ge, and c-Si; _,Ge, samples with a variety of dif-
ferent preparations. Over the relevant range of x our work is
in good agreement with the work of Nishino et al.*® In that
study, a 20% excess in the Ge—Ge coordination number was
reported for x=0.47, which used a qualitatively similar
sample preparation as in the present study but unfortunately
had no information about the possible device quality of the
films. By comparison, our sample with x=0.45 shows a 11%
excess in Ge—Ge coordination, but it should be emphasized
that thisis only a 1.60 effect [Pg(u+ 1.60)=0.11], where
the error is likely dominated by the self-absorption effect.
Our results extend the range of compositional randomness in
Si-rich glow discharge a-Si;_,Ge.:H films down to x
=0.10. To within the errors inherent to EXAFS analysis, we
conclude that first-shell compositional randomness is a gen-
era property of Si-rich glow discharge a-Si;_,Ge,:H films
grown with H, dilution and Si,Hg as a reactant gas for x
< 0.4. Due to the high sample preparation temperature, it is
not immediately clear how to compare our results with the
simulations of Tzoumanekas and K elires,*> who argue that at
low sample preparation temperatures the bond-length differ-
ences in the system drive short-range segregation but stabi-
lize long-range compositional homogeneity at all Ge concen-
trations.

Second, the competition between bond-length and bond-
angle rigidity in amorphous binary alloys is a topic of con-
tinuing interest for theory and simulation.**=*® Our results,
i.e., demonstrating the absence of bond-length variation with
X, are in agreement with all previous experimental studies of
glow discharge a-Si;_,Ge.:H. This means that
a-Si;_,Ge, :H exhibits little topological rigidity, i.e., local
stresses are accommodated by changing bond angles rather
than bond lengths. It should be noted that Ridgway et al.,”®
whose samples were prepared by amorphization of
c-Si;_,Ge, layers grown by molecular beam epitaxy (MBE),
found evidence for a weak composition dependence in
Rce_ce Over their full range of concentrations, but that this
dependence was not statistically significant for the subset of
samples with x<<0.5.

Finally, it is important to recognize that there are many
types of inhomogeneity which may influence device perfor-
mance, of which first-shell compositional segregation is only
the simplest. In this context, we restrict ourselves to discuss
only a recent careful study by Goerigk and Williamson™ of
anomalous small angle x-ray scattering from a-Si;_,Ge, :H
films prepared by glow discharge with H, dilution and ap-
propriate SiH,/GeH, mixtures. The results were interpreted
as evidence for two-phase segregation, with a small increase
in Ge content in the dominant phase with a columnar micro-
structure in the growth direction and a considerable decrease
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TABLE Il. A summary of the significant results from the EXAFS studies of amorphous and crystalline
Si; —Ge, films with various preparation methods. A preparation listed simply as *‘ glow discharge’” means that
SiH, and GeH, were used without H, dilution. The bond lengths in question are the nearest-neighbor bond

lengths.
First-shell Bond-length
Study Sample Sample preparation randomness? variation?
Incoccia et al. (1985)% a-Si;_,Ge, :H glow discharge yes no
0.29<x<0.9
Filipponi et al. (1986)° a-Si;_,Ge.:H glow discharge yes no
0.17<=x=<0.80
Nishino et al. (1988)° a-Si;_,Ge :H glow discharge, yes (x<0.47) no
0.27<x<0.56 with H, and Si,Hg no (x>0.47)
Ridgway et al. (1999)° a-Si;_,Ge, MBE+Si ion (assumed) yes
0.04<x<1.0 implantation
Present study a-Si; ,Ge :H glow discharge, yes (x<0.4) no
0.10=x=<0.45 with H, and Si,Hg no (x=0.45)
Kagiyama et al. (1992)° c-Si; _,Ge, glow discharge+ yes no
0.20=x<1.0 anneal, with H,
and Si,Hg
Aldrich et al. (1994)' c-Sip_,Ge, MBE yes yes
0.36=x=<0.82
Aubry et al. (1999)9 c-Si; _,Ge, MBE yes (x>0.1) yes
0=x=<0.95 no (x<0.1)
Ridgway et al. (1999) c-Si;_,Ge, MBE (assumed) yes
0.04<x<1.0
*Reference 12. °Reference 25.
PReference 22. fReference 24.
‘Reference 13. 9IReference 27.
9Reference 28.
in local Ge content in the remaining ~5%-10% of the = ACKNOWLEDGMENTS

sample interstitial between the columnar regions. Unfortu-
nately, this type of two-phase model is difficult if not impos-
sible to resolve with EXAFS. The concentration increase in
the high-volume phase is within our experimental errors, and
the low-volume phase with greatly decreased Ge content
would have little weight in our fluorescence measurement.
Consequently, it is important to realize that our Si-rich re-
sults demonstrate first-shell compositional randomness in a
one-phase system, but do not noticeably constrain more com-
plicated inhomogeneity coupled to partial phase separation
on longer length scales.

VI. CONCLUSIONS

We have used EXAFS to study the local atomic structure
in device-quality a-Si;_,Ge,:H films grown under opti-
mized conditions with both H, dilution and Si,Hg as a reac-
tant gas. We find no composition dependence in the bond
lengths, indicating that there is little topological rigidity in
the amorphous phase. Assuming a single phase, we find no
evidence of Ge—-Ge clustering for alloy compositions in the
range x=0.1-0.4. However, we are unable to rule out the
possibility of subtle clustering on longer length scales asso-
ciated with phase separation. These results suggest that one
must look beyond the first coordination shell to understand
the relationship between microstructure and optoelectronic
properties in a-Si; _,Ge, :H films.
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